Electron tunneling through narrow gaps between metal nanoparticles can strongly affect the plasmonic response of the hybrid nanostructure. Although quantum mechanical in nature, this effect can be properly taken into account within a classical framework of Maxwell equations using the so-called Quantum Corrected Model (QCM). We extend previous studies on spherical cluster and cylindrical nanowire dimers where the tunneling current occurs in the extremely localized gap regions, and perform quantum mechanical time dependent density functional theory (TDDFT) calculations of the plasmonic response of cylindrical core-shell nanoparticles (nanomatryushkas). In this axially symmetric situation, the tunneling region extends over the entire gap between the metal core and the metallic shell. For core-shell separations below 0.5 nm, the standard classical calculations fail to describe the plasmonic response of the cylindrical nanomatryushka, while the QCM can reproduce the quantum results. Using the QCM we also retrieve the quantum results for the absorption cross section of the spherical nanomatryushka calculated by V. Kulkarni et al. [Nano Lett. 13, 5873 (2013)]. The comparison between the model and the full quantum calculations establishes the applicability of the QCM for a wider range of geometries that hold tunneling gaps. References and links 1. M. E. Stewart, C. R. Anderton, L. B. Thompson, J. Maria, Stephen K. Gray, J. A. Rogers, and R. G. Nuzzo, "Nanostructured plasmonic sensors," Chem. Rev. 108, 494-521 (2008). 2. S. S. Aćimović, M. P. Kreuzer, M. U. González, and R. Quidant, "Plasmon near-field coupling in metal dimers as a step toward single-molecule sensing," ACS Nano 3, 1231-1237 (2009 
Introduction
Modern technology allows for fabrication of metallic nanoparticles and nanoparticle assemblies of different geometry, structure, and composition [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . This, in turn, opens a possibility to engineer the plasmonic modes of these artificial nanostructures and thus the way they interact with light [14] [15] [16] [17] [18] [19] [20] . In this context much of the interest has been devoted to the nanostructures that form narrow plasmonic gaps between their constituent metallic surfaces [17] . The strong interaction of the plasmon-induced charge density across the gap results in the manyfold enhancement of the confined fields and in the hybridization of the plasmonic modes of the individual nanoparticles [21] [22] [23] . The field enhancement and the geometrical tunability provided by plasmon resonances find many practical applications including sensing [1, [24] [25] [26] [27] , plasmon rulers [2, 17, [28] [29] [30] [31] [32] , and non linear optics [8, 11, [33] [34] [35] [36] [37] [38] [39] , among others.
So far, the classical electrodynamics framework based on the local description of the metal dielectric function appeared adequate to describe optical properties of strongly coupled plasmonic nanoparticles separated by narrow gaps. However, recent experimental [4, [9] [10] [11] [40] [41] [42] and theoretical [9, [43] [44] [45] [46] [47] [48] [49] [50] [51] studies have demonstrated the importance of quantum mechanical effects when particle-to-particle separations are reduced below the nanometer. In this case, the non-local screening and the electron tunneling across the gap can reduce (and even quench) the field enhancement, and alter the optical response of the system. Because of the tunneling, a conductive contact between the nanoparticles can be established, prior to the direct geometrical overlap. As a consequence, the extinction resonances arising from the hybridization of the plasmonic modes of the individual nanoparticles disappear from the spectrum. At the same time, a set of charge transfer plasmon modes emerge as a consequence of the electron flow between the nanoparticles [52] [53] [54] [55] [56] [57] . The use of nonlocal dielectric functions [15, 47, [58] [59] [60] [61] captures part of the quantum behavior of such systems introducing a smooth variation of the screening electron density at the metal surface rather than one infinitely sharp, as assumed in the classical local approach. This solves the problem of the divergence of the electric fields and energy shifts of the plasmon resonances with decreasing junction width, as obtained in local classical theories [62] . The latest developments of the non-local hydrodynamic descriptions allow to introduce the realistic electron density profile at the surface so that full quantum results can be retrieved for individual nanoparticles [63] albeit at the price of growing the numerical complexity. However, to account for tunneling across narrow interparticle junctions requires a special treatment that goes beyond classical local or non-local hydrodynamic approaches.
Quantum tunneling thus imposes a real challenge to any theoretical description. Indeed, the simplest strategy to tackle the effect of tunneling would consist in performing full quantum calculations of the plasmonic response, as recently reported, within an atomistic ab initio or free electron description of the metal nanoparticles [9, 43-48, 50, 64] . However, because of numerical constraints, quantum calculations can only address systems which are much smaller than those of practical interest in plasmonics. A possible solution to this constraint consists in using model local dielectric functions that account for the quantum tunneling, in a way similar to the derivation of the macroscopic permittivity of a system from the microscopic quantum polarizabilities of the constituent atoms or molecules [65] . This can be achieved with the Quantum Corrected Model (QCM) [45, 66] that treats the junction between the nanoparticles as an effective medium mimicking quantum tunneling within the classical local dielectric theory. So far, the QCM has been shown to correctly reproduce the full quantum results in plasmonic dimer structures with a localized contact region supporting the tunneling current [9, 40-42, 48, 49] . In this work we study a very different system formed by a cylindrical metallic core and a cylindrical metallic shell, thus separated by a much more extended tunneling contact region between the core and shell metal surfaces, so-called cylindrical nanomatryushka (NM).
We first perform the quantum mechanical time dependent density functional theory (TDDFT) calculations of the optical absorption cross section of the cylindrical nanomatryushka. Owing to the large tunability of their plasmonic response and to the possibility of fabrication of these structures in small size with very narrow gaps between the core and the shell [12, 13] , NM-like
Na Na E 0 cos ω ω ω ωt z Fig. 1 . Sketch of the geometry of the cylindrical nanomatryushka. The coaxial cylindrical core and cylindrical shell are infinite along the z-axis. The core has the radius R 1 ; the internal radius of the shell is R 2 , and the external radius of the shell is R 3 . The core and the shell are separated by the vacuum gap. The incident field with amplitude E o , and angular frequency ω is polarized perpendicular to the axis of the NM.
nanostructures are of considerable practical and fundamental interest. The optical properties of NMs have been addressed within the classical electromagnetic theory framework in a number of publications [67] [68] [69] [70] [71] [72] [73] [74] [75] . It is only recently that the full quantum results have been reported for the spherical NM [76] showing the importance of tunneling between the core and the shell. The aim of the present study is twofold: (i) to follow the detailed evolution of the plasmonic resonances of the cylindrical NM upon variation of the size of the gap between the core and the shell, and (ii) to use the full quantum study as a benchmark for the QCM calculations. We focus on the quantum effects in this system because the standard classical calculation fails to describe the plasmonic response of the cylindrical NM for core-shell separations below 0.5 nm, while the QCM can reproduce well the quantum results. In addition to the previous studies of plasmonic dimer structures showing with tunneling regions localized around the contact point, our results for NMs extend the validity of the QCM to other geometries with more extended tunneling regions. Indeed, in the present case the tunneling current flows transversally through the entire core-shell gap. Along this lines, we also demonstrate that the QCM reproduces the quantum results obtained previously for the spherical NM [76] , thus offering an efficient way to address tunneling effects in core-shell nanoparticles.
Model and computational aspects
The sketch of the cylindrical nanomatryushka in vacuum considered in this work is shown in Fig. 1 . The infinite metallic cylindrical core and the metallic cylindrical shell are coaxial with the geometry set by the radius of the core R 1 , the internal radius of the shell R 2 , and the external radius of the shell is R 3 . Following the widely used notation, we will adopt the set (R 1 , R 2 , R 3 ) to characterize the NM structure [76] . The incident light is polarized perpendicular to the symmetry axis. To focus the discussion on the main subject of our interest -the role of the tunneling effect in the plasmonic response -and to facilitate the comparison with earlier published work on spherical nanomatryushkas, the region between the core and the shell is chosen to be vacuum. The results below are obtained for a fixed R 2 = 90 a 0 (48Å), and R 3 = 115 a 0 (61Å), while the radius of the core R 1 is varied. Here a 0 (0.53Å) stands for the Bohr radius. The range of values considered for R 1 corresponds to the progressive reduction of the width of the vacuum gap between the core and the shell, S = R 2 − R 1 , from 20Å down to the touching geometry (S = 0). This allows an analysis of the progressive emergence of the tunneling across the gap, and of its role in the evolution of the NM plasmonic modes into those of the uniform cylindrical nanowire. In our quantum calculations the metallic core and the shell are described within the cylindrical jellium model (JM) as detailed previously [48, 49] . The valence electrons are bound by the uniform positive background charge representing the ionic cores. This background charge density is given by n 0 = 4π r 3 s /3 −1 , where r s is the Wigner-Seitz radius. R 1 defines the position of the boundary of the positive background charge, the jellium edge, of the core. R 2 and R 3 define the inner and the outer jellium edges of the shell, respectively. Despite its simplicity, the JM correctly captures the collective plasmonic behavior of the conduction electrons, and it has demonstrated a good predictive power in the description of quantum effects in nanoparticle dimers, as follows from the comparison with experiments [9, 10] and with advanced full atomistic ab initio calculations [64] . We use the Wigner-Seitz radius r s equal to 4 a 0 (2.12Å) corresponding to Na metal. In this case the JM performs particularly well in the description of the interaction of the optical pulse with nanosized objects [77] [78] [79] [80] . For noble metals, such as silver and gold, the contribution of the localized d-electrons to the screening [81, 82] imposes the introduction of a polarizable background [43] which would complicate the interpretation of the results, and obscure the comparison with the classical Drude and QCM model calculations. We emphasize that the qualitative conclusions drawn in this work are robust and independent of the particular choice of the density parameter. The quantum calculations of the absorption cross-section are based on the the Kohn-Sham (KS) scheme of the density functional theory (DFT) [83] . We use the adiabatic local density approximation with the exchange-correlation functional of Gunnarson and Lundqvist [84] . A detailed description of the numerical technique can be found in [44] by Marinica et al., and in [49] by Teperik et al. First, the ground state electron density and Kohn-Sham orbitals are obtained in standard static DFT calculations. Using the axial symmetry allows to address the system with up to 290 electrons per 1Å length. The structures are characterized by an overall work function of 2.9 eV, where the exact value depends on the core radius R 1 . At a second stage, the frequency ω-dependent absorption cross-section per unit length, σ (ω), is calculated from the electron density dynamics induced by an impulsive perturbation, within the time-domain time dependent density functional theory (TDDFT) approach.
In Eq. (1), α(ω) is the dipolar polarizability (per unit length) of the system, and c is the speed of light in vacuum. Because of the small transverse size of the system, retardation effects are neglected for the present choice of the polarization of the incident electromagnetic wave. Consistent with TDDFT, the classical electromagnetic calculations of the absorption crosssection have been performed within the quasistatic approximation [74] (see also [75] by H. Xu) using the local classical and the QCM approaches. Within the local classical approach the dielectric constant of the metal is described with the Drude model:
where ω p is the bulk plasma frequency of the metal and γ accounts for the damping. We use ω p = 5.68 eV and γ = 0.218 eV as obtained from the fit of classical results to TDDFT calculations for the isolated cylindrical nanowire of radius R = 115 a 0 (61Å). These dimensions correspond to the geometry of the system with a fully closed gap between the core and the shell. Note that the value of ω p = 5.68 eV is lower than the nominal plasma frequency for the bulk Na given by ω b = 4πn 0 /m e = 5.89 eV, with m e the electron mass, and reflects the red shift of the dipolar plasmon from the classical ω b / √ 2 prediction. This red shift is the finite size effect resulting from the spill out of the electron density outside the metal boundaries, as has been thoroughly studied in the context of surface physics [77, 82, [85] [86] [87] [88] [89] .
The QCM model [45, 66] describes the electron tunneling between the core and the shell by filling the core-shell gap with an effective dielectric medium described by a Drude model that depends on the gap separation distance S, similar to that in Eq. (2), as:
The effective damping γ eff models the transition from a resistive to a conductive nature of the junction as a function of the gap separation S. Consistently with the dependence of the electron tunneling probability on the size of the gap, γ eff is given by
For the tunneling contact between Na metal surfaces we use ε ∞ = 1 in Eq. (3), and in Eq. (4) we use γ 0 = 0.218 eV and ∆ = 0.75Å [45, 66] . For sufficiently large separation distances, S → ∞, the effective damping γ eff → ∞, and the QCM becomes exactly equivalent to the local classical approach. In this situation, no tunneling is possible and the vacuum gap limit is retrieved with ε eff (S, ω) = 1. For S → 0, the junction becomes metallic with permittivity equivalent to that of the bulk metal so that the NM responds as an homogeneous metallic cylinder.
Results and discussion

Plasmon modes of a cylindrical nanomatryushka
We first characterize the linear optical response of the cylindrical NM with particular emphasis on the assignment of the plasmonic modes. To this end we base our discussion on the classical quasistatic results which provide a good reference for the full quantum calculations of the NM with large gap, and thus no tunneling. The classical results have also the advantage of featuring well defined many-body plasmonic modes, not affected by the interaction with single-particle electron-hole pair excitations which are typical for the quantum TDDFT calculations in systems of small size like this [47, 79, 80] . In Fig. 2(a) we show the absorption cross section per unit length of an individual cylindrical nanowire with external radius R = 61Å (black dashed line). This would correspond to the limiting case of a NM with zero width gap S = 0. Our calculations also show the results for a cylindrical shell with internal radius R 2 = 47.7Å, and external radius R 3 = 61Å, (blue line), and finally, the case of a cylindrical NM with the same shell as in the previous case, and a core of radius R 1 = 37Å, i.e. a cylindrical (37, 47.7, 61)Å NM (red line). The dimensions of the system in units of the Bohr radius are (70, 90, 115) a 0 . In practice, atomic units are the natural choice for quantum studies, and while in most of the cases we give dimensions inÅ for convenience of the broad audience, our TDDFT calculations use atomic units. For the individual nanowire, the TDDFT data is also presented (green line) along with the classical results to validate the quality of the classical Drude modeling of the optical response in this case.
The absorption cross section of the individual cylindrical nanowire representative for the core of the nanomatryushka is dominated by the single plasmon resonance at surface plasmon frequency ω − = ω p / √ 2, where ω p is the bulk plasma frequency in the Drude model of the dielectric function given by Eq. (2). As already pointed out, because of the nonlocal screening and the small radius of the nanowire, in our calculations ω − = 4.02 eV is red shifted with respect to the corresponding surface plasmon frequency of the Na metal, 4.16 eV [47, 77, 82, [85] [86] [87] [88] [89] . The distribution of the plasmon-induced charges of this mode is schematically shown in Fig. 2(b) . The optical absorption of the cylindrical shell is characterized by a low frequency bonding resonance ω − , and a high frequency antibonding resonance ω + [79, 80] with plasmon charges separated, respectively, over the entire shell or across each shell boundary, as shown in Fig. 2(b) . In the NM, the ω − dipole mode of the core nanowire hybridizes with the ω − and ω + dipole modes of the nanoshell giving rise to the ω The near-field distribution of the plasmon resonances is shown in the inserts of Fig. 2(a) .
Owing to the opposite sign of the plasmon induced charges at the surface of the core and inner surfaces of the shell, the lowest energy bonding hybridized mode ω − − is characterized by a strong field enhancement inside the core-shell gap. On the other hand, because the core and shell dipoles are antiparallel, the fields are weak outside the structure. Similar to ω − − , and because of the induced charge configuration, for the ω + − resonance the fields in the gap are also strongly enhanced. For this mode the core and shell dipoles are aligned. This leads to strong induced fields outside the structure consistent with the most intense peak in the absorption cross section at ω + − . The core character of the ω + − resonance clearly appears in the structure of the corresponding induced fields showing a bright core region. The ω + c mode is characterized by the opposite sign of the core and shell dipoles and by the same sign of plasmon-induced charges across the gap. The fields are thus low in the gap, core and vacuum regions. Strong plasmon-induced fields are only calculated inside the shell consistent with the shell character of this plasmon mode. It should be noted that the character of the modes and their near field distribution is analogous to that of a spherical NM [68] [69] [70] [71] [72] [73] 76] . The resonance energies are however different because of the different dimensionality of the problem. Indeed, for a Drude metal, the quasistatic cylindrical core plasmon is at ω − = ω p / √ 2, while the spherical core plasmon is at ω − = ω p / √ 3. From a qualitative analysis of the induced charge distributions and near fields of the modes, it is possible to presume that quantum effects might be relevant when the gap separation between the core and the shell in the NM decreases. This situation can occur by means of an increase of the core radius R 1 . Analogous to the spherical NM case [76] , because of electron tunneling between the core and the shell, the gap becomes conductive for small S (narrow gaps). In the touching limit (S → 0), a situation analogue to that of the continuous metallic cylinder can be reached even prior to the direct geometrical contact at R 1 = R 2 . In such a situation, the modes ω resonances are characterized by a distribution of opposite charges across the gap, the effect of tunneling in these modes can be expected to be stronger than for the ω + c resonance. The above discussion is fully confirmed by the quantum TDDFT results presented in the next section.
Role of quantum tunneling across the gap
In the left columns of Fig. 3 we show the waterfall plots of the absorption cross section of a NM per unit length. The results are shown as a function of the frequency ω of the incident radiation polarized perpendicular to the symmetry axis of the system. The calculations were performed over a wide frequency range, and for various gap sizes, from well separated core and shell, down to the situation of conductive contact at S = 0. Different panels of the figure correspond to the results obtained within classical calculations using the Drude model of the metal permittivity (top), within the full quantum TDDFT (center), and with the quantum corrected model (QCM) (bottom). The system geometry is defined by (R 1 , 47.7, 61)Å, where the core radius has been varied within the limits 26.5Å ≤ R 1 ≤ 47.7Å consequently, allowing to vary the size of the vacuum gap according to S = 47.7Å − R 1 . The gross features of the results are similar for the classical, quantum and QCM descriptions of the system. These results resemble those reported in the literature for similar core-shell systems [67] [68] [69] [70] [71] [72] [73] 76] . With an increasing value of the core radius, R 1 (smaller S), the interaction between the induced charges across the gap increases, and the pair of hybridized plasmons with shell character display a red-shift (ω − − ), and a blue-shift (ω + c ), respectively. Because of the mutual compensation between the core and the shell dipoles for these modes [see Fig. 2(c) ], their spectral features progressively loose their intensity in the absorption spectrum. For R 1 → R 2 , the ω for the ω − − mode, cannot be observed in the left-hand side spectra of Fig. 3 , since their scale is set by the main peak in the absorption cross section (the core resonance ω + − ). For a vanishing gap, this prominent resonance evolves into the dipolar resonance of the full metallic cylinder with radius R 3 = 61Å. It is worth mentioning that for a small R 1 (large S), the results within the TDDFT for the core ω + − plasmon show a red shift because of the electron spill-out effect and the nonlocal screening, [77, 82, [85] [86] [87] [88] [89] as well as additional broadening because of the increased Landau damping. It is also possible to notice some additional structures in the TDDFT absorption cross-section due to the presence of electron-hole pair excitations [47, 79, 80] . The left-lower panel of Fig. 3 shows that the QCM reproduces well the details of the spectra. For example, it captures the abrupt change of the main absorption peak at small gap separation distances (spectra on the top), similarly to that present in the TDDFT calculations, whereas the classical calculations show a smoother evolution. This abrupt change at S ≈ 1Å is linked with the lowering of the potential barrier separating the core and the shell below the Fermi level. Under these conditions, the electrons flow through the gap quasi-freely forming a continuous metallic connection.
As we discussed in the previous section, the effect of electron tunneling is expected to be the strongest for the ω − − resonance, since it is characterized by induced plasmon charges of opposite sign across the gap, capable of supporting a strong tunneling current. To reveal the role of quantum tunneling in the NM gap, in the right panels of Fig. 3 we zoom into the spectral range of frequencies of the ω − − resonance, showing the evolution of this lowest energy mode as the gap becomes smaller. We compare results within the Classical Drude (top), TDDFT (center) and QCM (bottom) for values of core radius R 1 in the range of 78 a 0 ≤ R 1 ≤ 84 a 0 (41.3Å ≤ R 1 ≤ 44.5Å), corresponding to gap sizes in the range of 6 a 0 ≤ S ≤ 12 a 0 (3.2Å ≤ S ≤ 6.4Å). As found in previous calculations of the plasmonic dimer structures [43-45, 47, 48, 64] , tunneling effects progressively appear for narrow gaps. In the classical calculations, the ω − − resonance is always present albeit being attenuated and red-shifted with increasing R 1 (decreasing gap distance S). The quantum TDDFT results show a distinct qualitative behavior. For the smallest value of the core radius considered (large S) in Fig. 3 , R 1 = 78 a 0 , the ω − − resonance is in agreement with the classical prediction. However, the resonance is fully quenched for R 1 = 82 a 0 . For this very narrow gap of S = 8 a 0 , electron tunneling across the gap neutralizes the induced plasmonic charges of opposite sign at the facing surfaces of the core and the shell, leading to the disappearance of this bonding hybridized plasmon. This is in contrast to the classical calculations where this gap mode is always present for any S = 0. In the lower panels of Fig. 3 , we can observe that the TDDFT results are well reproduced by the QCM calculations, including the progressive broadening and final quenching of the ω − − resonance for narrowing gaps due to the increasing resistive tunneling losses. The full quenching of the gap plasmon due to tunneling is not considered in the classical calculations (top right panel), but it is captured by the QCM. This effect can be clearly appreciated, for instance by comparing the spectra in red lines on the three right hand side panels of Fig. 3 . Finally, the high energy antibonding mode ω + c is not so affected by quantum tunneling due to the symmetric distribution of charges at both sides of the gap [see Fig. 2(c) ]. Classical and TDDFT calculations give practically the same results in this case for all separation distances (including the narrowest ones), therefore the QCM does not bring any essential improvement for this mode.
In Fig. 4 we show the enhancement F of the field in the middle of the gap, as obtained with the classical Drude, QCM and full quantum TDDFT approaches. The enhancement is defined as the ratio of the total E t and incident E in fields, F = |E t /E in |, measured at position R = (R 1 + R 2 ) /2 along the axis defined by the electric field polarization vector of the incident plane wave. The field enhancement has been calculated for the incident electromagnetic wave, resonant with the energy of the hybridized ω gap, S, below 6Å (core radius above 78 a 0 ) the quantum TDDFT results show distinct differences with respect to the classical predictions (area marked with a shaded background in Fig. 4 ). The onset of the electron tunneling between the core and the shell comes along with the disappearance of the ω − − resonance, and thus with a pronounced decrease of the field enhancement. Eventually F is zero for small gap sizes where the limit of the homogeneous metallic cylinder is reached prior to direct physical contact between the core and the shell at R 1 = R 2 . The QCM correctly reproduces the results of the quantum TDDFT, including a decrease of the field enhancement at the ω + − resonance for intermediate tunneling distances. Indeed, the resistive tunneling losses lead to a certain broadening of the plasmon peak which results in a moderate decrease of the corresponding field enhancement. For vanishing separation, S → 0, the junction becomes conductive and F tends to the characteristic value of a homogeneous metallic cylinder of radius R 3 .
The ability of QCM to describe the quantum results has been reported in previous calculations for spherical and cylindrical dimer structures with gaps characterized by narrow contact regions which allow for the presence of tunneling current. In these systems the progressive disappearance of the bonding dipole plasmon mode and the appearance of the charge transfer plasmon mode prior to direct contact between the nanoparticles has been addressed within the quantum TDDFT calculations. These features are correctly reproduced with the QCM, while classical theories fail to address the spectral behavior, even qualitatively. Already at finite junction sizes the particles forming the dimer are conductively connected showing the characteristic charge transfer plasmon modes [22, 52-54, 56, 57] . In the present work we observe the same physics, with the core and the shell of the nanomatryushka being conductively connected prior to the direct contact between their surfaces, and thus effectively forming the uniform metallic cylinder. However, differently to plasmonic dimer structures, the tunneling current in the case of a cylindrical NM flows over the whole extended gap region, a substantial dimensional difference that makes the NM an appropriate system to test quantum effects in plasmonics.
Spherical gold nanomatryushka
The quantum effects described here for the cylindrical core-shell NM structure are similar to those found in the TDDFT study of the spherical gold NM [76] . Therefore, we also analyze now the performance of the QCM model in the spherical case. We use the QCM to calculate the absorption cross section of a gold NM within the non-retarded quasistatic approximation. This choice is justified considering the size of the studied system (external radius below 8 nm), and it is consistent with non-retarded calculation of the potentials within TDDFT [76] . For the sake of comparison, we use the Drude-like model for the dielectric permittivity of the classical metal as proposed by Kulkarni et al. [76] , based on the jellium model of gold used in their quantum calculations of the optical absorption:
with ε ∞ = 8, ω p = 9.07 eV, and γ = 0.27 eV. Within the QCM model, the effective dielectric medium in the gap, ε eff , is defined by the frequency, and separation dependent dielectric constant,
where γ eff (S) is given by Eq. (4) with ∆ = 0.4Å [45, 66] . Figure 5 presents the frequency dependent optical absorption cross section, σ abs (ω), for five spherical NM geometries defined by the scaling of a basic (8.5, 9.5, 15.9)Å NM structure, following the form λ ×(8.5, 9.5, 15.9)Å, with λ = 1, 2, 3, 4, 5. This scaling [76] is implemented to rely on the invariance of the optical properties that classical electromagnetic calculations performed within a non-retarded approximation yield. The absorption cross section should be identical for scalable systems with scale factor λ 3 . Thus, any departure from the universal behavior can be associated with a signature of a quantum effect. The upper panel of Fig. 5 reproduces the quantum results of Kulkarni et al. [76] , and the lower panel of Fig. 5 shows the absorption spectra obtained within our QCM calculation. For large gap sizes (4Å and 5Å), tunneling across the gap is not efficient and the results show the universal behavior pointed out above. When the gap size is reduced to 3Å, the electron tunneling through the gap increases enough to lead to a visible attenuation of the ω − − resonance. Finally, similar to the cylindrical NM case, when the gap size is reduced below 2Å (4 a 0 ), the tunneling current across the gap becomes large so that the lowest energy bonding hybridized resonance is quenched. This change of the absorption spectra exceeds the capabilities of the classical theory to treat such extreme gaps, as pointed out in [76] by Kulkarni et al. However the TDDFT results are well reproduced with the QCM, fully confirming the good performance of the latter to also address the optical properties of a spherical geometry with an extended tunneling contact.
Summary and conclusions
In conclusion, we tested the applicability of the quantum corrected model in systems which show an extended tunneling contact region between metallic surfaces. To this end we compared the results of the optical response calculated with the QCM and with full quantum Time Dependent Density Functional Theory for the case of a cylindrical nanomatryushka: the cylindrical core-shell structure, where the metallic core and metallic shell are separated by a vacuum gap. We considered a metallic system made of Na because the free-electron character of the Na valence electrons allows for a jellium model description. Reasonably large-size system with well developed plasmonic modes can be addressed in this way at the fully quantum level. Moreover, in this case the material permittivity can be well described with the Drude model which eases the comparison between quantum, classical electromagnetic, and QCM results.
We obtained that when the core-shell gap is reduced below 5Å, the optical response is determined by the quantum tunneling of conduction electrons across the potential barrier separating the core and the shell. Our results agree with earlier calculations on plasmonic dimer structures. Specifically, a decreasing junction separation leads to the disappearance of the lowest energy bonding hybridized plasmon mode and a quenching of the field enhancement at the corresponding frequency. The limit of the continuous and homogeneous cylinder is reached prior to the direct contact between the core and the shell. The classical local Drude description fails to reproduce the observed effects since it does not account for tunneling. In contrast, the QCM results are found to be in good agreement with the full quantum calculations.
For large gap sizes, electron tunneling is negligible and there is an overall agreement between TDDFT, classical Drude, and QCM calculations. Therefore, as a whole, the QCM performs very well over the entire range of core-shell gap sizes S studied here. We note however that the TDDFT results show some features that are not reproduced with classical models: the sizedependent frequency shifts of the plasmonic modes due to the nonlocal screening, the sizedependent broadening because of the Landau damping and, finally, additional spectral features because of electron-hole pair excitations.
We have also performed the QCM calculations of the spherical gold NM, where previous results of quantum calculations were available [76] . The spectral trends are similar to those found for the cylindrical sodium NM. The QCM and the quantum absorption spectra are in very good agreement which fully validate the applicability of the QCM to general systems characterized by extended tunneling contact regions between metallic surfaces. Together with the earlier studies in plasmonic dimers that showed narrow tunneling contacts, our results extend the range of applicability of the QCM. Elucidating the main physics in tunneling plasmonic gaps shows enormous potential with important consequences in the accurate description of far-and nearfields in extreme morphologies, as well as in the control of non-linear effects associated to ultranarrow gaps such as in rectification.
